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Chikungunya virus (CHIKV) is becoming an increasing global health issue which has spread across 
the globe and as far north as southern Europe. There is currently no vaccine or anti-viral treatment 
available. Although there has been a recent increase in CHIKV research, many of these in vitro studies 
have used a wide range of cell lines which are not physiologically relevant to CHIKV infection in 
vivo. In this study, we aimed to evaluate a panel of cell lines to identify a subset that would be both 
representative of the infectious cycle of CHIKV in vivo, and amenable to in vitro applications such as 
transfection, luciferase assays, immunofluorescence, western blotting and virus infection. Based on 
these parameters we selected four mammalian and two mosquito cell lines, and further characterised 
these as potential tools in CHIKV research.
Chikungunya virus (CHIKV) is an enveloped, positive sense, single stranded RNA virus1. CHIKV is in the alpha-
virus genus of the Togaviridae family and is transmitted by mosquitoes, mainly Aedes aegypti and Aedes albopictus2. 
Prior to 2004, the virus was confined to Africa and Asia due to the distribution of Aedes aegypti populations3. 
However, recently mutations in the E1 and E2 glycoproteins (E1-A226V and E2-I211T respectively) have enabled 
one genotype of the virus (ECSA: East/Central/South African) to more efficiently infect Aedes albopictus due to 
enhanced infectivity of the mid-gut4. This mosquito can tolerate more moderate climates5. This, in addition to cli-
mate change and the expansion of international travel, has resulted in the global spread of CHIKV, causing large, 
disruptive outbreaks in naïve populations6. Recent outbreaks include La Reunion island7 and the Caribbean8, 
and it is now present across the Americas9 (though the Caribbean and American outbreaks are due to the Asian 
genotype, not the adapted ECSA) and Southern Europe, including France10 and Italy11. The Aedes albopictus mos-
quito is now established in many southern European countries including Spain, France, Italy, and Russia12,13. With 
increasing temperatures, it is likely that CHIKV will spread even further making it a concern for global health14.
Infection with CHIKV results in Chikungunya fever where patients develop a high fever, rash, and debilitating 
joint pain15. Although CHIKV infection is rarely fatal, the symptoms, particularly the joint pain, can persist for 
months. It has been reported that CHIKV causes significant inflammatory tissue damage16 and patients who have 
suffered from CHIKV are considerably more likely to develop arthritis17. In young children and the immunocom-
promised, serious neurological complications can occur, which can be fatal18. CHIKV has also been associated 
with altered cognitive abilities in infected children19.
CHIKV is introduced to the body via a mosquito bite. The virus initially infects and replicates in the local 
dermal fibroblasts, then disseminates through the body via the lymphatic and circulatory systems which it reaches 
target tissues; the liver, muscles, joints and (in some cases) brain20,21. There is some evidence that CHIKV infects 
non-human primates, which may act as a reservoir for the virus. However, animal intermediates are not required 
for spread of disease during outbreaks22. Despite being discovered in 195223, little research was conducted on 
CHIKV before the last decade. In vitro CHIKV is promiscuous and infects a wide range of cell lines includ-
ing Vero, HeLa and BHK cells24–27, many of which are of limited relevance to the in vivo situation. To address 
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this we have evaluated and compared cell lines from a range of origins for their use with CHIKV – using both 
sub-genomic replicon (SGR) systems and infectious virus.
We propose that four mammalian cell lines, Huh7 (hepatocyte, human), C2C12 (myoblast, mouse), SVG-A 
(astroglia, human) and dermal fibroblasts (human, an in-house transformed cell line, see methods section for 
details) and two mosquito cell lines, U4.4 and C6/36 (both embryonic Aedes albopictus) provide good models for 
in vitro CHIKV research. They are all biologically and clinically relevant, and tractable for in vitro applications to 
investigate the molecular and cellular biology of CHIKV infection.
Results
Evaluation of mammalian cell lines for replication of the CHIKV SGR. We initially evaluated a panel 
of mammalian cell lines for their ability to support CHIKV genome replication. Cell lines were selected based on 
their relevance to CHIKV infection in vivo and their previous use in CHIKV research (e.g. HeLa and Vero cells). 
The origins of each cell line are shown in Table 1.
To analyse CHIKV genome replication in these cell lines we exploited a CHIKV SGR (CHIKV-D-Luc-SGR) 
(Fig. 1a), derived from the ECSA strain (ICRES28). This construct contains two luciferase reporters, a Renilla 
luciferase gene (Rluc) is fused in frame within the C-terminal hypervariable domain of nsP3 and a firefly lucif-
erase gene (Fluc) replaces the region encoding for structural proteins. The structural proteins are expressed from 
a subgenomic RNA transcribed from a promoter, located primarily within the coding region for the C-terminus 
of nsP4 but extending into the intragenic junction region, using the negative strand as a template. Thus Fluc 
expression is dependent on genome replication and transcription, whereas Rluc expression reflects both input 
RNA translation and early genome replication.
Cells were transfected with CHIKV-D-Luc-SGR RNA using lipofectamine (Fig. 1b). By 6 hpt, similarly high 
levels of RLuc were detected for all cell lines indicating that all had been successfully transfected to similar trans-
fection efficiency. By 24 hpt, Rluc activities increased up to 10 fold for some cell lines (BHK-21, C2C12), remained 
at a stable level (RD) or slowly declined (A549). By 48 hpt Rluc values declined across the board, most likely 
resulting from cytotoxicity. In contrast, analysis of the FLuc levels over the 48 h time period revealed differences 
in the abilities of cells to support CHIKV RNA replication and transcription. BHK-21 cells produced the highest 
Fluc levels. Of the physiologically relevant cell lines, replication/transcription levels were highest in the muscle 
cell lines C2C12 and RD, followed by the dermal fibroblasts (an in-house transformed primary cell line, see meth-
ods section for more detail). The SVG-A astroglial cells supported moderate levels of replication, similar to Hela 
or Vero E6 cells. The two liver cell lines produced very different levels of replication, with Huh7 cells exhibiting 
moderate levels of replication whereas HepG2 cells appeared incapable of supporting replication. A549 cells facil-
itated low levels of replication. Vero E6 and HeLa cells, despite supporting moderate levels of replication at earlier 
time points, exhibited a drastic reduction in signal for replication by the 48 h time point.
When transfected with an SGR expressing native (untagged) nsP3 (CHIKV-FLuc-SGR), most of these cell 
lines expressed nsP3 to levels detectable by western blot (Fig. 1c). Predictably, those with the highest levels of 
replicon replication produced the strongest nsP3 signal with BHK-21, C2C12, and RD cells exhibiting the most 
intense bands. Most cell lines produced detectable nsP3 at varying intensities, though nsP3 was virtually unde-
tectable in the dermal fibroblast and Vero E6 cells.
Previously our group has described different nsP3 structures in Huh7 cells29. Two different structures were 
observed in these cells – puncta and rods of nsP3, though the significance of these structures is currently unclear. 
To visualise nsP3 structures here, the cell lines were transfected with a mCherry-tagged nsP3 SGR, and fixed at 24 
hpt. Images for the physiologically relevant cell types; Huh7, C2C12, SVG-A, and dermal fibroblasts are shown in 
Fig. 2 (data for all ten cell lines are shown in Supplementary Figure S1). All four cell types exhibited both puncta 
and rods. For the majority of cells for all lines, individual cells contained only one form of nsP3 organisation. 
IF data for all cell lines is shown in supplementary data Figure S1. Two of these cell lines, RD and HeLa cells, 
only formed puncta of nsP3 with no rods observed. Cells with low levels of subgenomic RNA synthesis varied 
Cell line Species Cell Type
Huh745 Human Liver, hepatocellular carcinoma (HCC)
C2C1246 Mouse Muscle, myoblast
SVG-A47 Human Brain, astroglia
Dermal fibroblasts42 (see methods) Human Dermal, fibroblast
HepG248 Human Liver, HCC
RD49 Human Muscle, rhabdomyosarcoma
BHK-2128 Hamster Kidney, fibroblast
A54950 Human Lung, epithelial carcinoma
HeLa51 Human Cervical, epithelial carcinoma
Vero E652 African green monkey Kidney, epithelial
A2053 Aedes aegypti Embryonic
Aag254 Aedes aegypti Embryonic
U4.454 Aedes albopictus Embryonic
C6/3654 Aedes albopictus Embryonic
Table 1. Cell lines used, their origin and cell type.
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greatly in appearance. In HepG2 cells, which grow in large clusters, the few nsP3-positive cells were always at the 
edges of the clusters. A549 cells had the smallest puncta of all the cell lines, with many puncta per cell. Although 
nsP3-positive cells were found in both HeLa and Vero E6 cells, the majority of these cells appeared to be either 
dead or dying.
From this data, we chose Huh7 (liver), C2C12 (myoblast), SVG-A (astroglia) and dermal fibroblast cells as our 
model cell lines as they all support good levels of CHIKV replication, are physiologically relevant, relatively easy 
to culture, express CHIKV non-structural proteins to reasonable levels and provide high-quality confocal images 
of CHIKV non-structural proteins.
The cell differentiation state influences CHIKV replication levels. It is possible to differentiate 
both Huh7 and C2C12 cells into more physiologically representative states. For C2C12, reducing the concen-
tration of serum in media (to 2% rather than 20% FCS) induces the myoblasts to differentiate to form myotubes 
– resembling muscle tissue in vivo30,31 (Fig. 3a) including the upregulation of skeletal myosin (Fig. 3b). For Huh7, 
culturing in the presence of DMSO prevents cell division, cells enter a G0 state and up-regulate expression of 
liver-specific genes such as albumin and cytochrome P450s32 (Fig. 4a,b). To assess whether differentiated cells, 
which are more representative of their corresponding cell type in vivo, support higher replicative levels, cells were 
differentiated for 7 days and transfected with the CHIKV-D-Luc-SGR alongside non-differentiated cells plated 
16 h prior.
The differentiated C2C12 cells, which resemble muscle tissue in vivo, supported approximately 7-fold higher 
levels of CHIKV SGR replication compared to undifferentiated cells at the 48 h time point (Fig. 3c). The differ-
entiated cells also had high nsP3 expression with fewer defined puncta, more diffuse, large aggregates of nsP3 
Figure 1. Mammalian cell lines transfected with CHIKV-D-Luc-SGR. (a) Schematic of the CHIKV genome 
and the corresponding dual luciferase replicon (CHIKV-D-luc-SGR). Renilla luciferase (Rluc) is present in the 
hypervariable region of nsP3, indicating both input translation and early replication levels. Firefly luciferase 
(Fluc) replaces the structural genes and is only expressed from a subgenomic RNA, thus indicating that RNA 
replication has occurred. Note that other SGRs used in this study have either no insertion into nsP3 (termed 
nsP3/SG-FLuc), or insertion of mCherry in place of Rluc and Gaussia luciferase in place of Fluc (nsP3-
mCherry/SG-GLuc). (b) Liver (Huh7, HepG2), muscle (C2C12, RD), brain (SVG-A), fibroblasts (Dermal 
fibs, BHKs), as well as Vero, HeLa and A549 cells were transfected with CHIKV-D-Luc-SGR RNA. Cell lysates 
were taken at indicated time points over a 48 h period and luciferase assayed (n = 3 experimental replicates, all 
luciferase signal normalised to a mock-transfected control). (c) Western blot of nsP3 in mammalian cell lines. 
Cells were transfected with wildtype (untagged) nsP3/SG-FLuc replicon, lysed at 24 hpt and Western blotted for 
CHIKV nsP3.
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(Fig. 3d). In contrast to the differentiated C2C12 cells, the differentiated Huh7 cells exhibited dramatically 
reduced levels of replication compared to the undifferentiated cells, approximately 3-log fold at both 24 and 
48 hpt (Fig. 4c). There was also reduced translation in the differentiated cells and the cytoplasmic organisation 
appeared more perinuclear, with fewer, but larger puncta (Fig. 4d).
CHIKV infection of mammalian cells. To confirm the findings of the SGR study, we proceeded to use 
infectious CHIKV. We used the corresponding ICRES clone of the ECSA strain of CHIKV: virus was produced 
by electroporating BHK-21 cells with in vitro transcribed ICRES RNA, media was collected at 24 hpt, clarified 
by centrifugation and titred by plaque assay, again in BHK-21 cells. Selected cell lines were then infected at an 
MOI of either 1 or 5, extracellular virus harvested at 24 hpi and titred by plaque assay (Fig. 5a). The relative titres 
produced were reflective of the replication levels observed using SGRs. C2C12 cells produced the highest titre 
of CHIKV, followed by dermal fibroblasts. Huh7 and SVG-A cells produced similar virus titres. This was further 
confirmed by qRT-PCR (Fig. 5b) and western blot analysis (Fig. 5c), where levels of genomic RNA and of nsP3 
expression correlated well with the virus titres. One exception was in SVG-A cells which showed the highest 
levels of RNA replication, yet lower levels of both nsP3 expression and virus production compared to C2C12 and 
dermal fibroblasts. This suggests that these cells efficiently support CHIKV RNA replication, but do not support 
concomitant levels of viral protein expression and infectious virus production.
Figure 2. Cytoplasmic nsP3 organisation in mammalian cells. The indicated cell lines were transfected with 
nsP3-mCherry/SG-GLuc (expressing mCherry-tagged nsP3), two different nsP3 structures were observed; 
puncta and rods. The data for all 10 cell lines are shown in Supplementary Figure S1.
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We also analysed the distribution of nsP3 in infected cells by immunofluorescence (Fig. 6). Infected cells 
exhibited a similar distribution of nsP3 to that seen in SGR transfected cells. Overall for all cell lines, more cells 
contained rods rather than puncta. The levels of nsP3 expression in infected cells appeared much higher than 
those in the SGR-transfected cells.
Evaluation of mosquito cell lines for replication of the CHIKV subgenomic replicon (SGR). As 
CHIKV is an arbovirus, it was important to also study the virus lifecycle in mosquito cells. We used four mos-
quito cell lines as shown in Table 1. Aag2 and A20 cells are derived from embryonic Aedes aegypti, the mosquito 
responsible for CHIKV, Dengue and Zika infections. C6/36 and U4.4 cells are from Aedes albopictus, a mosquito 
more tolerant to milder climates, which has more recently become capable of infection with CHIKV of the ECSA 
genotype. All cell lines were transfected with the CHIKV-D-Luc-SGR and levels of nsP3 translation and replica-
tion were assayed (Fig. 7a). C6/36 cells demonstrated the highest levels of replication. Both U4.4 and A20 cells 
had moderate levels of replication. Aag2 cells had replicative levels below the detectable range.
We encountered many issues using CHIKV-specific antisera with mosquito cells – particularly for western 
blots where many non-specific bands were always observed. Therefore, to determine the distribution of nsP3 in 
transfected cells, cells were transfected with an SGR containing mCherry-tagged nsP3 (Fig. 7b), U4.4 and C6/36 
cells exhibited organisation of nsP3 into puncta. Very few Aag2 cells were found to be nsP3 positive, indicating 
that low (undetectable) replication was likely due to very low transfection efficiency. Those that were positive had 
a diffuse appearance with no apparent organisation of nsP3. Oddly, the only A20 cells found to be nsP3 positive 
lacked intact nuclei, with DAPI staining throughout the cytoplasm potentially indicating that these cells are dead 
or dying. From this data, we concluded that the U4.4 and C6/36 cells would be good candidates to study CHIKV 
replication in mosquito cells. Both supported high levels of replication and detectable nsP3 expression.
Acute infection of mosquito cells with CHIKV. U4.4 and C6/36 cells were infected with CHIKV sim-
ilarly to mammalian cells. Resulting titres are shown in Fig. 8a and the corresponding CHIKV RNA levels are 
shown by qRT-PCR (Fig. 8b). Similarly to SGR assays, C6/36 cells produced higher levels of virus than U4.4 cells, 
though the intracellular RNA levels of the two cell lines were very similar. Both cell lines produced moderately 
high titres of virus which correlated well with the SGR luciferase data.
Figure 3. Differentiation of C2C12 cells into skeletal myotubes enhances CHIKV RNA replication. C2C12 
cells were differentiated via serum starvation. (a) Bright field image showing the different morphology of 
differentiated cells compared to C2C12 cells maintained in complete culture medium (undifferentiated 
cells). Bright field images were obtained on an IncuCyte ZOOM instrument equipped with a 10 × objective. 
(b) Western blot for skeletal myosin, a marker of skeletal muscle tissue, is highly expressed in differentiated 
cells (D) compared to undifferentiated (U). (c) Both differentiated and undifferentiated C2C12 cells were 
transfected with CHIKV-D-Luc-SGR RNA. Cells were lysed at indicated time points and assayed for luciferase, 
data analysed by parametric T-test (**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). (d) Confocal images of 
undifferentiated (U) and differentiated (D) cells transfected with nsP3-mCherry/SG-GLuc.
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To image nsP3 in infected cells, we used a CHIKV virus construct containing ZsGreen tagged nsP3 instead of 
antibody staining28. Cells were infected with this virus for 24 h, fixed and DAPI stained prior to imaging (Fig. 8c). 
For both mosquito cell lines, only puncta were observed, though they varied in size. Smaller puncta were present 
in U4.4 cells whereas C6/36 cells exhibited a wider range of puncta size.
Discussion
CHIKV has been shown to be able to infect and replicate in a wide range of cell lines, many of which are regularly 
used for CHIKV research, but most are physiologically irrelevant such as BHK-21, HeLa and Vero cells. Here, we 
have established a set of ‘model’ cell lines, both mammalian and mosquito, which are physiologically relevant and 
useful for CHIKV research.
We initially transfected ten mammalian cell lines with a dual luciferase CHIKV SGR RNA. From the physio-
logically relevant cell lines (i.e. liver/muscle/brain/fibroblast cells), Huh7, C2C12, RD, SVG-A, and dermal fibro-
blasts cells supported moderate to high levels of replication and all exhibited both puncta and rod organisation of 
nsP3. Vero E6 and HeLa, commonly used in CHIKV studies, had reduced replication at the later time points. The 
IF data indicates this was due to a high level of cell death in transfected cells as most nsP3 positive cells showed 
nuclear blebbing. In this study, A549 cells exhibited limited levels of replication that reduced over time. This is 
in agreement with the literature which has shown that CHIKV can bind and enter A549 cells but replication is 
somehow impeded33–35. In our study, translation of the non-structural proteins did occur, but RNA replication 
was restricted. The immunofluorescence data shows a unique nsP3 organisation in the majority of transfected 
A549 cells as they contained much smaller but more numerous puncta, possibly indicating a spatial restriction of 
the CHIKV non-structural proteins within cells. Overall, there was no obvious correlation between levels of RNA 
replication and nsP3 organisation seen in the IF experiments. However, in the virus-infected cells, the cell lines 
that produced the highest titres, C2C12 and dermal fibroblasts, appear to have more cells exhibiting the rod-like 
organisation. Thus, the rod-organisation may allow for more efficient replication, or could indicate a later stage in 
the virus lifecycle. More research is required to determine the significance of the rod and puncta organisations of 
nsP3, as discussed previously29. Most cell lines produced detectable levels of wildtype nsP3, as shown by western 
blot. Predictably, the two cell lines with the highest levels of replication; C2C12 and BHK-21, exhibited the highest 
nsP3 expression.
Figure 4. Differentiation of Huh7 cells into hepatocytes reduces CHIKV RNA replication. Huh7 cells were 
differentiated via addition of DMSO to complete media. (a) Bright field image demonstrating the morphology 
of differentiated cells compared to Huh7 cells maintained in complete culture medium. Bright field images 
were obtained on an IncuCyte ZOOM instrument equipped with a 10 × objective. (b) Western blot for albumin 
and Cytochrome P450 3A4 (CYP3A4), both are more highly expressed in differentiated cells (D) compared to 
undifferentiated cells (U). (c) Both Huh7 cells and differentiated hepatocytes were transfected with CHIKV-
D-Luc-SGR RNA, cells were lysed at indicated time points and luciferase assayed, data analysed by parametric 
T-test. (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). (d) Confocal images of undifferentiated (U) and 
differentiated (D) cells transfected with nsP3-mCherry/SG-GLuc replicon.
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Taken together, we concluded that the most physiologically relevant and tractable cell lines for all practical 
applications tested, were Huh7 (hepatocytes), C2C12 (myoblasts), SVG-A (glial cells) and dermal fibroblasts. 
This was confirmed using infectious CHIKV, where all four cell lines produced high levels of virus, roughly cor-
relating with the SGR data, although Huh7, SVG-A, and dermal fibroblast cells appeared to support higher levels 
of replication in the infectious system than the SGR. All infected cell lines exhibited comparable IF and western 
blot data. Interestingly, when analysed by IF, cell lines infected with CHIKV exhibited both puncta and rods of 
nsP3. However, more cells contained rods, and individual cells appeared to contain higher quantities of nsP3. 
These differences in replication and nsP3 organisation from SGR and virus highlight the importance of treating 
replicon-based data with caution. Although SGRs are the most appropriate system to study virus replication 
under BSL2 conditions, they do not fully recapitulate the infectious virus lifecycle.
Both C2C12 and Huh7 cell lines can be differentiated via different methods making them more representa-
tive of their tissue types in vivo. C2C12 cells fuse into large, multinucleated cells and upregulate skeletal-muscle 
protein expression such as skeletal myosin, resembling muscle tissue in vivo30,31. In contrast, for Huh7 cells 
differentiation manifests as growth arrest and an up-regulation of liver-specific proteins such as albumin and 
cytochrome p45032. On a multicellular level, they form large ‘rafts’ of differentiated cells, resembling hepatocyte 
plates in the liver. For differentiated muscle, CHIKV SGR replication was enhanced approximately seven-fold 
over C2C12 cells. We observed high levels of nsP3 expression in differentiated cells – much more so than that 
seen in undifferentiated C2C12 cells. This may be due to the presence of muscle tissue-specific factors that are 
enhancing replication. The organisation of nsP3 was also less punctate and more diffuse, potentially due to the 
nature of multinucleated, fused cells which would have a different subcellular organisation when compared to 
single, undifferentiated cells. For instance, skeletal muscle tissue is known to contain higher quantities of mito-
chondria36. Interestingly, differentiated liver cells exhibited much lower levels of replication compared to Huh7 
cells. Translation of the non-structural proteins was reduced in differentiated cells and the distribution of nsP3 
in was slightly altered. In differentiated cells, nsP3 was found in much larger puncta that were less numerous and 
were only found in the perinuclear region. The reduced replication and restricted translation could potentially 
be due to the differentiated cells being in growth arrest. However, this reduced replication does not necessarily 
indicate that these differentiated cells are a less representative model of CHIKV replication in the liver as most 
liver cells in vivo will not be dividing.
As CHIKV is an arbovirus, it was important to study the virus in its mosquito vector as well as the mamma-
lian host. We tested four mosquito cell lines for their use in CHIKV research. From the SGR luciferase assay, all 
were able to support RNA replication apart from Aag2 cells. This may be due to poor transfection efficiency as 
Figure 5. CHIKV infection of mammalian cell lines. (a) Virus titres. Huh7, C2C12, SVG-A, and dermal 
fibroblast (D Fibs) cells were infected at MOIs of either 1 or 5. At 24 hpi, the media was collected and virus 
titred by plaque assay (n = 3, experimental replicates). (b) Corresponding RNA quantification of the infected 
cells. Intracellular RNA was extracted using TRIzol and quantified by qRT-PCR using primers specific for nsP3 
(n = 3). Values in (a) and (b) were derived from the same number of cells and are thus directly comparable. (c) 
Western blots for nsP3 in infected cells. Cells were infected with wildtype CHIKV at an MOI = 1. Cells were 
lysed at 24 hpi and western blot conducted for nsP3.
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reported by various laboratories. It may also be due to the persistent infection of Aag2 cells with the cell fusing 
agent virus37,38 (CFAV). CFAV is an insect-cell specific flavivirus that induces infected cells to undergo syncytium 
formation, where cells fuse to form enlarged, multi-nucleated cells, induced by the fusion of the virus with the cell 
membrane39. This remodelling, or the presence of an established viral infection, may have prevented SGR replica-
tion in these cells. C6/36 cells demonstrated the highest levels of CHIKV SGR replication, which was expected as 
these cells have a frame-shift mutation in the Dcr2 gene leading to expression of a truncated and inactive Dicer2 
which renders the anti-viral RNAi system inactive40,41. From the microscopy images, both Aedes albopictus cell 
lines, U4.4 and C6/36, exhibited very bright nsP3 puncta, with many cells being nsP3 positive. In contrast, very 
few Aag2 cells expressed nsP3 and those that did had a diffuse appearance, with no defined puncta. This apparent 
lack of organisation and the number of transfected cells may explain the lack of RNA replication. Although, in 
the case of the A20 cells, which did support SGR replication, the only nsP3 positive cells observed had no defined 
nuclei with DAPI staining throughout the cytoplasm. This observation is suggestive of high cytotoxicity, though 
it is unclear whether this is caused by the presence of CHIKV proteins or the transfection reagent. Therefore, 
we decided to continue with U4.4 and C6/36 cell lines for virus infection. Both lines produced high virus titres 
at both MOIs of 1 and 5 and exhibited similar nsP3 organisation to SGR transfected cells. These two lines also 
provide an interesting comparison for future studies as they are both Aedes albopictus in origin but the C6/36 cells 
lack an intact RNAi system, allowing for further insight into cellular response to virus infection. Unfortunately, 
the majority of antibodies tested with mosquito cell extracts exhibited high cross-reactivity with cellular proteins 
Figure 6. IF of nsP3 in CHIKV infected cells. Mammalian cell lines Huh7, C2C12, SVG-A, and dermal 
fibroblasts (D Fibs) were infected with ICRES CHIKV, fixed at 24 hpi and stained for nsP3 (green). Two different 
structures of nsP3 were observed; puncta, and rods in all cell lines.
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making western blotting technically challenging. For this reason, we avoided using antibodies for confocal imag-
ing, opting instead to use fluorescently-tagged protein constructs.
Here we have demonstrated the use of four physiologically relevant mammalian cell lines, and two mosquito 
cell lines in CHIKV in vitro research. We have shown their abilities to replicate both CHIKV SGR and infectious 
virus, and for imaging nsP3 via confocal microscopy.
Materials and Methods
Cell culture. All mammalian cell lines were maintained at 37 °C with 5% CO2. Huh7, SVG-A, Dermal 
Fibroblasts, HepG2, RD, BHK-21, A549, HeLa and Vero E6 cells were maintained in DMEM supplemented with 
10% FCS, 0.5 mM non-essential amino acids and penicillin-streptomycin (100 units/mL). C2C12 cells were main-
tained in DMEM supplemented with 20% FCS and penicillin-streptomycin (100 units/mL). The dermal fibro-
blast cells were formed using primary dermal fibroblast cells, isolated from a healthy patient42 (ethics number 
BIOSCI09-001, provided by Dr Martin Stacey, University of Leeds) and transformed using a lentivirus expressing 
hTERT.
To differentiate Huh7 cells, cells were grown to sub-confluency before media changed to complete media with 
2% DMSO. To differentiate C2C12 cells, the cells were grown to 80% confluency then media changed to DMEM 
supplemented with 2% FCS. For both cell lines, cells were maintained in differentiation media for 7 days. Media 
was replaced every 2 days. Bright field images were obtained on an IncuCyte ZOOM instrument equipped with a 
10× objective. All insect cell lines (A20, Aag2, U4.4 and C6/36) were maintained in Leibovitz’s L-15 media sup-
plemented with 10% FBS, 10% tryptose phosphate broth and penicillin-streptomycin (100 units/mL). Cells were 
incubated at 28 °C without CO2.
Plasmids - SGR and Virus. The CHIKV dual luciferase SGR (CHIKV-D-Luc-SGR), CHIKV wildtype-nsP3 
firefly luciferase SGR (CHIKV-FLuc-SGR), CHIKV nsP3-mCherry SGR and CHIKV ICRES virus constructs are 
Figure 7. Mosquito cell lines transfected with CHIKV-D-Luc-SGR. (a) Aag2 and A20 cells (Aedes aegypti), 
or C6/36 and U4.4 cells (Aedes albopictus), were transfected with CHIKV-D-Luc-SGR RNA. Cell lysates were 
harvested at indicated time points and assayed for R-luc and F-luc as described in the legend to Fig. 1 (n = 3, 
experimental replicates). (b) Mosquito cell lines were transfected with nsP3-mCherry/SG-GLuc replicon 
RNA. The four lines produced very different organisations of nsP3. Each image shown is representative of nsP3 
distribution observed for each cell line.
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derived from the ECSA genotype LR2006-OPY1 isolate of CHIKV. CHIKV SGR and virus SP6-plasmids are as 
described28.
In vitro transcription. SGR and virus plasmids were linearised using NotI-HF, and in vitro transcribed using 
the mMessage mMachine SP6 transcription kit (Ambion). RNA was purified using the RNeasy mini kit (Qiagen), 
aliquoted and stored at −80 °C.
SGR Transfections. Cells were plated in 24 well plates (1 × 105 cells/well) 16 h prior to transfection. Before 
transfection, cells were washed with PBS and media replaced with Optimem (LifeTechnologies). For each well, 
250 ng of RNA and 1 µL of Lipofectamine 2000 (Invitrogen) in 100 µL Optimem was prepared as a master mix, 
incubated for 20 minutes prior to addition to each well. Cells were incubated for 4 h at 37 °C for 4 h, then washed 
and media replaced with complete media.
Luciferase assays. For luciferase assays, cells were transfected as above and harvested by washing cells 
in PBS then lysing in passive lysis buffer (PLB, Promega). Samples were stored at −20 °C, and defrosted prior 
to reading using the dual-luciferase reporter assay system (Promega) and FLUOStar optima microplate reader 
(BMG Labtech). Luciferase was normalised to mock-transfected control.
Figure 8. CHIKV infection of mosquito cell lines. (a) Virus titres. U4.4 and C6/36 cells were infected at 
an MOI of 1 and 5. At 24 hpi, the media was collected and virus titred by plaque assay (n = 3, experimental 
replicates) using BHK cells. (b) Corresponding RNA quantification of the infected cells. Intracellular RNA 
was extracted using TRIzol and quantified by qRT-PCR using primers specific for nsP3 (n = 3). Values in (a) 
and (b) were derived from the same number of cells and are thus directly comparable. (c) IF of mosquito cell 
lines infected with nsP3-ZsGreen virus. Both cell lines demonstrated a distinct puncta organisation of nsP3. 
Representative images shown.
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Virus production. All virus stocks were produced in BHK-21 cells. 1 µg of virus RNA was added to the bot-
tom of a precooled 4 mm electroporation cuvette (Cell Projects), 1.2 × 106 cells in DEPC-treated PBS were added, 
mixed and electroporated at 260 V for 25 ms using GenePulser Xcell (Bio-Rad). Cells were then resuspended 
in 10 mL complete growth media and seeded in a T75 flask. Virus-containing supernatant was removed at 24 h 
post-electroporation, clarified by centrifugation (1000 × g, 3 min), aliquoted and stored at −80 °C. Virus concen-
tration was calculated by plaque assay (see below).
Virus Infection. Cells were plated 16 h prior to infection. Cells were washed with PBS, virus diluted in media 
was added. Plates were rocked for 5 min, incubated for 1 h at 37 °C, virus removed, cells washed and complete 
media replaced.
Plaque assays. All plaque assays were performed in BHK-21 cells. Cells were seeded 16 h prior to assay in 6 
well plates (4 × 105 cells/well). Serial dilutions of virus stocks were made in complete media. Cells were washed 
with PBS and 180 µL of virus dilution added to wells. Plates were rocked for 5 min prior to incubation at 37 °C for 
1 h. Virus solution was removed, cells washed in PBS and layered with 2 mL methyl cellulose (MC, 0.8%) in com-
plete media. Cells were then further incubated for 48 h, where MC was removed, cells fixed in 10% formaldehyde 
for 30 min and stained crystal violet (0.5%) for 30 min. Cells were washed with water until plaques became visible.
qRT-PCR. Total cell RNA was extracted from cells using TRIzol (ThermoFisher). All qRT-PCRs were per-
formed using the One-step MESA green qRT-PCR MasterMix for SYBR assay kit (Eurogentec) following manu-
facturer’s recommended protocol. Primers used were specific to the alphavirus unique domain of nsP3 (forward: 
GCGCGTAAGTCCAAGGGAAT; reverse AGCATCCAGGTCTGACGGG as used by Chiam et al.43).
Western Blots. Cells were transfected or infected as above, then harvested in 100 µL PLB. Protein concentra-
tion of samples was calculated using a Bradford assay. For nsP3 blots, cell lysate containing 30 µg of total protein 
in Laemmli buffer were incubated at 95 °C for 5 min prior to loading on a 10% SDS-PAGE gel. Proteins were 
then transferred from gels onto membranes (Immobilon FL, Merck Millipore) using a semi-dry blotter for 1 h at 
15 V. Membranes were blocked using blocking buffer (LICOR) for 20 min at room temperature prior to incuba-
tion with primary antibodies; rabbit anti-nsP344 or mouse anti-actin (Sigma) prepared in TBS. Membranes were 
incubated with primary antibody rocking overnight at 4 °C. Membranes were washed in TBS then secondary 
antibodies (LICOR) added for 1 h at rt. Membranes were then washed in TBS + 0.1% Tween, then dH2O prior to 
drying in the dark. Blots were imaged using the LICOR Odyssey scanner.
Immunofluorescence. Cells grown on coverslips were transfected or infected with the nsP3-mCherry 
CHIKV SGR, wild type or nsP3-ZsGreen expressing viruses as described above. Cells were washed with PBS 
then fixed with 4% paraformaldehyde for 10 min at room temperature. For samples containing fluorescently 
tagged nsP3, cells were washed in PBS and dipped in dH2O then mounted using prolong gold containing DAPI 
(Life Technologies) onto microscope slides. For nsP3 staining in samples infected with wild type virus, cells were 
permeabilised in 0.5% Triton-X-100 for 10 min, washed in PBS, blocked in 2% BSA for 1 h, washed, nsP3 anti-
body applied for 1 h, washed and secondary (donkey-anti rabbit 488, Life Technologies) applied for 1 h, washed, 
dipped in dH2O then mounted in prolong gold with DAPI. Cells were imaged using the Zeiss LSM 700 confocal 
microscope at 40x magnification for mammalian cells and 63x magnification for mosquito cells. Images were 
processed using Zen black software.
Data availability. The datasets generated during and/or analysed during the current study are available from 
the corresponding author on reasonable request.
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